␣-Synuclein is the major component of Lewy bodies and Lewy neurites in Parkinson disease and dementia with Lewy bodies and of glial cytoplasmic inclusions in multiple system atrophy. It has been suggested that ␣-synuclein fibrils or intermediate protofibrils in the process of fibril formation may have a toxic effect on neuronal cells. In this study, we investigated the ability of soluble monomeric ␣-synuclein to promote microtubule assembly and the effects of conformational changes of ␣-synuclein on Tau-promoted microtubule assembly. In marked contrast to previous findings, monomeric ␣-synuclein had no effect on microtubule polymerization. However, both ␣-synuclein fibrils and protofibrils inhibited Tau-promoted microtubule assembly. The inhibitory effect of ␣-synuclein fibrils was greater than that of the protofibrils. Dot blot overlay assay and spin-down techniques revealed that ␣-synuclein fibrils bind to Tau and inhibit microtubule assembly by depleting the Tau available for microtubule polymerization. Using various deletion mutants of ␣-synuclein and Tau, the acidic C-terminal region of ␣-synuclein and the basic central region of Tau were identified as regions involved in the binding. Furthermore, introduction of ␣-synuclein fibrils into cultured cells overexpressing Tau protein induced Tau aggregation. These results raise the possibility that ␣-synuclein fibrils interact with Tau, inhibit its function to stabilize microtubules, and also promote Tau aggregation, leading to dysfunction of neuronal cells.
␣-Synuclein is the major component of Lewy bodies and Lewy neurites in Parkinson disease and dementia with Lewy bodies and of glial cytoplasmic inclusions in multiple system atrophy. It has been suggested that ␣-synuclein fibrils or intermediate protofibrils in the process of fibril formation may have a toxic effect on neuronal cells. In this study, we investigated the ability of soluble monomeric ␣-synuclein to promote microtubule assembly and the effects of conformational changes of ␣-synuclein on Tau-promoted microtubule assembly. In marked contrast to previous findings, monomeric ␣-synuclein had no effect on microtubule polymerization. However, both ␣-synuclein fibrils and protofibrils inhibited Tau-promoted microtubule assembly. The inhibitory effect of ␣-synuclein fibrils was greater than that of the protofibrils. Dot blot overlay assay and spin-down techniques revealed that ␣-synuclein fibrils bind to Tau and inhibit microtubule assembly by depleting the Tau available for microtubule polymerization. Using various deletion mutants of ␣-synuclein and Tau, the acidic C-terminal region of ␣-synuclein and the basic central region of Tau were identified as regions involved in the binding. Furthermore, introduction of ␣-synuclein fibrils into cultured cells overexpressing Tau protein induced Tau aggregation. These results raise the possibility that ␣-synuclein fibrils interact with Tau, inhibit its function to stabilize microtubules, and also promote Tau aggregation, leading to dysfunction of neuronal cells.
Parkinson disease (PD) 2 is a progressive neurodegenerative disorder, clinically characterized by tremor, muscular rigidity, bradykinesia, and postural-reflex impairment. It is the second most common neurodegenerative disorder after Alzheimer dis-ease (AD), affecting about 1-2% of the population over the age of 65 years. Neuropathological features of PD are the selective loss of dopaminergic neurons in substantia nigra and the appearance of intracellular inclusion bodies, referred to as Lewy bodies (LBs) and Lewy neurites. Ultrastructurally, the inclusions are composed of a dense core of filamentous and granular materials surrounded by radially oriented fibrils. In 1997, missense mutation in the ␣-synuclein gene SNCA, previously mapped to the PARK 1 locus, chromosome 4q21, was found to be associated with familial PD (1) . Subsequent immunohistochemical studies using antibodies to synucleins demonstrated that ␣-synuclein is the major component of filaments or fibrils in LBs and also glial cytoplasmic inclusions in multiple system atrophy (2) (3) (4) . To date, six missense mutations in SNCA (A30P, E46K, H50Q, G51D, A53T, and A53E) associated with familial forms of PD and dementia with Lewy bodies (DLB) have been reported (1, (5) (6) (7) (8) (9) .
␣-Synuclein is a 140-amino acid protein, which is enriched in presynaptic nerve terminals of the CNS (10) . It belongs to the synuclein family, which currently consists of three members (␣-, ␤-, and ␥-synuclein) (11) , and it consists of (i) an N-terminal amphipathic region, (ii) a central hydrophobic non-amyloid ␤ component (NAC) region, and (iii) a highly acidic C-terminal region. Seven imperfect 11-mer tandem repeats, which display variations of a KTKEGV sequence, exist in the N-terminal half. ␣-Synuclein is natively unfolded (12) , and therefore, it was thought not to have a well defined secondary structure. However, NMR studies suggest that monomeric ␣-synuclein may have a conformation that is stabilized by intramolecular long range interactions, fluctuating in the range of nanoseconds to microseconds, that appear to inhibit oligomerization and aggregation (13, 14) . Although ␣-synuclein is found predominantly in the cytosolic fraction, it has also been assumed that the amphipathic N-terminal region of ␣-synuclein binds to lipid membranes, where it takes an ␣-helical conformation (15) .
Although the precise physiological functions of ␣-synuclein remain to be fully elucidated, several putative functions have been proposed. ␣-Synuclein may be involved in the regulation of vertebrate synaptic plasticity, because the expression of synelfin, the avian homologue of ␣-synuclein, was found to be regulated at a critical period of song learning in zebra finch (16) . ␣-Synuclein knock-out mice showed increased dopamine release at nigrostriatal terminals in response to paired electrical stimuli, suggesting that ␣-synuclein may act as a negative regulator of dopamine transmission (17) . In addition, modulation of dopamine transporter, chaperone function, and microtubule polymerizing activity have been reported (18) .
Recombinant ␣-synuclein has been shown to assemble into fibrils or protofibrils under some experimental conditions, and the morphologies of the fibrils are similar to those found in LBs (19) . The fibrils show a cross-␤ fiber diffraction pattern similar to that of typical amyloid fibrils (20) . Furthermore, it has been reported that A53T and E46K mutants form fibrils at an increased rate (21, 22) , and A30P mutation promotes oligomerization (23) or formation of fragile fibrils (24) . The C-terminally truncated form of ␣-synuclein shows an increased rate of fibrillization, suggesting that the C-terminal region inhibits oligomerization and aggregation to a certain extent (19) .
␣-Synuclein deposited in brains of patients with DLB as well as other ␣-synucleinopathies is highly phosphorylated at Ser-129 (25) , suggesting that the extensive phosphorylation of ␣-synuclein is a pathological event. Phosphorylated ␣-synuclein deposited in brains with ␣-synucleinopathy is also partially ubiquitinated (26) , and the ubiquitination sites have been identified (27, 28) .
It was reported that ␣-synuclein promotes microtubule assembly and that the highly acidic C-terminal region of ␣-synuclein is critical for its function (29) . However, many microtubule-associated proteins (MAPs) in neuronal cells, for example Tau and MAP2, contain a well conserved, positively charged microtubule-binding domain that mediates binding to microtubules. This raises the following question. Is ␣-synuclein truly a microtubule-associated protein? In this study, we analyzed the effect of ␣-synuclein on microtubule assembly, from the viewpoint of both its normal physiological function and its involvement in abnormal cytotoxic mechanisms.
Results
Monomeric ␣-Synuclein Has No Tubulin Polymerizing Activity-To investigate the physiological action of ␣-synuclein on microtubules, we carried out microtubule assembly assay using various concentrations of purified recombinant human ␣-synuclein. When 2.3 M recombinant Tau (a microtubuleassociated protein known to promote microtubule assembly) was incubated with 10 M tubulin, microtubule assembly was detected as an increase in turbidity ( Fig. 1A) . In contrast, no microtubule polymerization was observed with ␣-synuclein in the concentration range from 6.9 to 276 M, which is much higher than the concentrations used in the previous report ( Fig. 1A) .
Next, we investigated the effect of ␣-synuclein fibrils on Taupromoted microtubule assembly, because accumulation of filamentous ␣-synuclein is closely correlated with neuronal degeneration in PD and other ␣-synucleinopathies. We considered that abnormal ␣-synuclein (␣-synuclein fibrils or protofibrils) might inhibit the normal physiological function of microtubules and lead to neuronal degeneration. Recombinant Tau (2.3 M) was preincubated with 3.5 M ␣-synuclein monomer, fibrils or protofibrils, and then incubated with tubulin, and the turbidity was monitored at 350 nm. As shown in Fig. 1B , both ␣-synuclein fibrils and protofibrils inhibited Tau-promoted microtubule assembly, whereas monomeric ␣-synuclein showed no effect at the same concentration. The inhibitory effect of ␣-synuclein fibrils was greater than that of protofibrils. To investigate whether this inhibitory effect of ␣-synuclein fibrils is dose-dependent, we carried out the assay with 3.5 or 6.9 M ␣-synuclein fibrils. As shown in Fig. 1C , the Tau-promoted microtubule assembly was inhibited more effectively by 6.9 M ␣-synuclein fibrils than by 3.5 M ␣-synuclein fibrils, indicating that the fibrils inhibit Tau-promoted microtubule assembly in a dose-dependent manner (Fig. 1C) .
Interaction of Tau with ␣-Synuclein Fibrils-To investigate the mechanisms that underlie the inhibitory properties of ␣-synuclein fibrils or protofibrils, we analyzed the interaction of Tau with ␣-synuclein monomer, fibrils, or protofibrils by means of dot blot overlay assay ( Fig. 2 ). Tau immunoreactivities were hardly detectable on the spots of monomeric ␣-synuclein or the protofibrils, whereas strong immunoreactivity was detected on the ␣-synuclein fibrils, indicating that Tau bound to ␣-synuclein fibrils but not the monomer. Next, we investigated whether this interaction was in an ionic interaction or not by spin-down of ␣-synuclein fibrils (Fig. 3 ). In the absence of ␣-synuclein fibrils, most Tau was recovered in the supernatant after ultracentrifugation. In contrast, in the presence of ␣-synuclein fibrils, most Tau was recovered in the pellet with ␣-synuclein fibrils after ultracentrifugation under a low ionic condition ( Fig. 3 ). However, under a high ionic condition (0.5 M NaCl), most Tau was recovered in the supernatant (Fig. 3) .
These data suggest that the Tau binds to ␣-synuclein fibrils via ionic interaction.
Identification of Tau-binding Region in ␣-Synuclein Fibrils-Because Tau binds to tubulin or microtubules due to its positive charge, it is conceivable that the highly acidic C-terminal region of ␣-synuclein may be responsible for the binding to Tau. To determine which region of ␣-synuclein in the ␣-synuclein fibrils binds to Tau, we investigated the interaction of Tau with ␣-synuclein fibrils assembled with C-terminally truncated forms of ␣-synuclein (1-110, 1-120, and 1-130 ␣-synuclein), N-terminally truncated forms of ␣-synuclein (11-140), or fulllength ␣-synuclein (WT). All truncated forms of ␣-synuclein assembled into fibrils similar to those formed by wild-type fulllength ␣-synuclein (Fig. 4A ). The binding of Tau to these fibrils was analyzed by spin-down assay (Fig. 4B ). As shown in Fig. 4C , the ratios of fibril-bound Tau to Tau unbound to the fibrils was gradually reduced from 0.91 to 0.38 by successive deletion of 10 amino acid residues of the C-terminal region of ␣-synuclein ( Fig. 4C ), whereas no such difference was observed with N-terminally truncated ␣-synuclein fibrils 11-140 (data not shown). These results strongly suggest that Tau binds to ␣-synuclein fibrils at their highly acidic C-terminal region.
Interaction of Tau with ␣-Synuclein Fibrils Is Crucial for Inhibition of Tau-promoted Microtubule Assembly-To examine whether the interaction of Tau with ␣-synuclein fibrils actually inhibits Tau-promoted microtubule assembly, we examined microtubule assembly in the presence of ␣-synuclein fibrils assembled with C-terminally truncated or N-terminally truncated ␣-synuclein ( Fig. 5 ). Although the N-terminally truncated form of ␣-synuclein(11-140) fibrils inhibited Tau-promoted microtubule assembly as effectively as wild-type ␣-synuclein fibrils, the C-terminally truncated form of ␣-synuclein(1-130) fibrils inhibited it only slightly ( Fig. 5 ). These results indicated that the inhibition of Tau-promoted microtubule assembly was due to the interaction of Tau with the C-terminal region of ␣-synuclein fibrils, especially amino acid residues 131-140.
Conformational Changes in ␣-Synuclein Fibrils and Protofibrils-To investigate the conformational difference between ␣-synuclein monomer and ␣-synuclein in the fibrils or protofibrils, we carried out dot blot assay using three different anti-␣-synuclein antibodies (antibody 36, an antibody to the N terminus of ␣-synuclein; NAC1, an antibody to the mid-portion of ␣-synuclein; and Syn102, an antibody to the C terminus of ␣-synuclein) ( Fig. 6A ). Monomeric ␣-synuclein was hardly detectable with these three antibodies. In contrast, ␣-synuclein fibrils were strongly immunoreactive to antibodies to the N-or the C-terminal regions and were also positive to NAC1 ( Fig. 6 , C-E). These results are consistent with previous reports that the central half of the ␣-synuclein forms the core structure of the fibrils coated by the more accessible N-and C-terminal portions at the periphery (30, 31) . The results are also in agreement with a previous report, in which monomeric ␣-synuclein assumes conformations stabilized by long range interactions between NAC (residues 61-95) and the C-terminal residues 110 -130 and between the N-terminal region and nearby residue 120 (14) . ␣-Synuclein protofibrils were equally well detected with all three antibodies, although the immunoreactivity to NAC1 was stronger than that of the fibrils (Fig. 6 , C-E).
Identification of ␣-Synuclein Binding Region in Tau-Because the C-terminal region of ␣-synuclein is highly acidic, we considered that ␣-synuclein fibrils may bind to the basic region of Tau. To test this, we investigated the interaction of ␣-synuclein fibrils with various deletion mutants of Tau by means of a spin-down assay (Fig. 7A) . The results are shown in Fig. 7 , B and C. The reduction of binding of 4RTau(⌬2-163) was minimal compared with that of wild-type fulllength 4RTau 412, suggesting very little contribution of the N-terminal region of Tau to the binding to ␣-synuclein fibrils. In contrast, the C-terminal deletion of Tau dramatically decreased the binding, as detected in particular with 4RTau 163 or 4RTau(⌬164 -338). The binding affinities of 4RTau 163 and 4RTau(⌬164 -338) were significantly lower than those of 4RTau 226 and Tau(⌬227-338), respectively, suggesting that residues 164 -226 of Tau may play the greatest role in the binding of Tau to ␣-synuclein fibrils. Calculation of the ratio of basic amino acid residues to acidic residues in the deleted regions indicate that the 164 -226residue region is highly basic and support the idea that this region binds to the acidic C-terminal region of ␣-synuclein fibrils by ionic interaction (Fig. 7D ).
Transduction of ␣-Synuclein Fibrils Induced Tau Aggregation Associated with ␣-Synuclein Aggregation in Cultured Cells-To investigate the effect of ␣-synuclein fibrils on Tau and microtubules in cultured cells, we transfected either Tau or ␣-synuclein or both into cultured cells and induced ␣-synuclein aggregation by treating with ␣-synuclein fibrils (32) . First, we investigated whether there is any alteration in the free and polymerized tubulin in cells with or without ␣-synuclein aggregation by extracting with buffer containing taxol according to the protocol by Merrick et al. (33) . However, there was no apparent difference in the ratio of free and polymerized tubulin (data not shown). We also investigated the co-localization of Tau, ␣-synuclein, and tubulin in cultured cells, with or without transduction of ␣-synuclein fibrils, by immunocytochemistry using antibodies to unphosphorylated Tau and ␣-synuclein. However, it was difficult to detect the differences in the localization of these proteins, because the antibody to unphosphorylated ␣-synuclein reacted with ␣-synuclein fibrils added extracellularly. In pathological conditions, aggregated Tau and ␣-synuclein are abnormally phosphorylated in cells, and phospho-specific antibodies are usually used to detect them sensitively in immunocytochemical or immunoblot analyses of diseased brains. Therefore, we investigated these cells with anti-phospho-␣-synuclein antibody pS129 and anti-phospho- Tau antibody pS396 (Fig. 8 ). Immunoblot analysis of differentially extracted proteins with these antibodies revealed that phosphorylated Tau was accumulated in Sarkosyl-soluble and -insoluble fractions of cells expressing both Tau and ␣-synuclein after treatment with ␣-synuclein fibrils (Fig. 8A , indicated by red arrow). No such bands were detected in cells expressing only Tau or only ␣-synuclein even after treatment with ␣-synuclein fibrils (Fig. 8A ). Immunocytochemical analysis also confirmed the partial co-localization of phospho-␣-synuclein and phospho-Tau (Fig. 8B) . These results suggest that ␣-synuclein aggregates also induce Tau aggregation if Tau is expressed in the cells sufficiently to permit self-aggregate formation. We also observed lower intensities of pS396 signals in cells with ␣-synuclein aggregation (white arrows), compared with those in cells without ␣-synuclein aggregation (yellow arrow), suggesting that bundling of Tau was inhibited by ␣-synuclein aggregates in cultured cells (Fig. 8B) . 
Discussion
In this study, we have re-examined the microtubule polymerizing activity of ␣-synuclein, because it has been reported that the highly acidic C-terminal region of ␣-synuclein binds to tubulin and promotes microtubule assembly (29) , which is in contrast to the cases of conventional microtubule-associated proteins such as Tau and MAP2 that bind to microtubules due to their positive charge. Contrary to the previous report, we found that ␣-synuclein did not promote microtubule assembly at concentrations ranging from 6.9 to 276 M. It is clear that the tubulin and buffer conditions we used were appropriate for the assay, because recombinant Tau protein promoted microtubule assembly at a low concentration under our conditions. Because other experimental conditions, including preparation of recombinant protein from Escherichia coli, are also similar to those of the previous report, it is puzzling why their ␣-synuclein apparently showed activity. It is conceivable that some contaminants or aggregated ␣-synuclein present in their ␣-synuclein preparation may have promoted microtubule assembly or caused a turbidity change in the reaction mixture.
The cytotoxicity of ␣-synuclein fibrils and protofibrils remains controversial in relation to their roles in neurodegeneration. In this study, we have demonstrated that ␣-synuclein fibrils inhibited Tau-promoted microtubule assembly through an ionic interaction with Tau in vitro. Although ␣-synuclein protofibrils also inhibited Tau-promoted microtubule assembly, their inhibitory effect was weaker than that of ␣-synuclein fibrils. These data suggest that the fibrous or filamentous form of ␣-synuclein may be more toxic in neuronal cells, because they affected Tau-promoted microtubule assembly or stabilization more strongly than did protofibrils. It has been demonstrated that the N-and C-terminal regions of ␣-synuclein in fibrils are sensitive to protease and may be exposed outside the core structure of the fibrils (30) . This idea is supported by our findings in dot blot assay, in which ␣-synuclein fibrils were highly immunoreactive to antibodies directed toward the Nand C-terminal regions of ␣-synuclein (Fig. 6) . Because the C-terminal region of ␣-synuclein is highly acidic, it may have strong affinity for positively charged proteins or peptides and may contribute to pathogenic interactions with other molecules. Indeed, many proteins, such as proteasomal protein S6Ј, a subunit of the 19S cap, subunits of 20S proteasome particles, transcriptional regulator HMGB-1 (34), MAP1B (35), etc., have been reported to interact with ␣-synuclein fibrils in vitro. These abnormal interactions may cause dysfunction of these molecules, leading to impairment of neurons in PD or DLB brains. In this study, we found that ␣-synuclein fibrils bind to Tau through an ionic interaction and inhibit Tau-promoted microtubule assembly. It is possible that direct interaction of ␣-synuclein fibrils with tubulin may also have an inhibitory effect on microtubule assembly to some extent. ␣-Synuclein protofibrils showed high immunoreactivity to all three antibodies covering regions from the N to C terminus of ␣-synuclein in dot blot assay on the nitrocellulose membrane, which is similar but not identical to the case of the fibrils. In this study, although ␣-synuclein protofibrils slightly inhibited microtubule assembly, the inhibitory mechanism may be different from that of ␣-synuclein fibrils, based on the slight difference of reactivity with NAC1 antibody, which suggests the existence of a structural difference. The monomeric form of ␣-synuclein was less immunoreactive to all three antibodies than ␣-synuclein fibrils or protofibrils in the dot blot assay. This may be due to the specific structural character of monomeric ␣-synuclein, which has been shown to be compactly stabilized by intramolecular interactions, including the N-and C-terminal regions (14) .
Tau is a major neuronal microtubule-associated protein localized mostly in axons. Tau directly binds to microtubules and regulates microtubule dynamics. The expression of Tau is regulated by alternative splicing, leading to the expression of either 3-repeat (3R) or 4-repeat (4R) Tau, and Tau function is regulated by phosphorylation. In this study, we showed that ␣-synuclein fibrils bind to Tau in vitro and inhibit microtubule assembly. It has been shown that Tau-deficient mice exhibit normal axonal elongation, except for a certain type of axon, suggesting compensation for at least some of the physiological functions of Tau by other MAPs. Many exonic and intronic mutations in the Tau gene MAPT are associated with frontotemporal dementia and parkinsonisms linked to chromosome 17 (FTDP-17), and the pathogenesis of FTDP-17 is linked to increased fibrillization, partial loss of function and alteration in the ratio of 3R Tau/4R Tau.
It is known that Tau pathologies in DLB and PD are often accompanied with ␣-synuclein pathologies (36, 37) . Further-more, co-localization of Tau and ␣-synuclein in the olfactory bulb neurons and neurites, where the severity of Tau pathology correlated with ␣-synuclein pathology, has been shown in AD with amygdala LBs (38) , and in the restricted area that is vulnerable to both ␣-synuclein and Tau pathology in the brains of familial PD with A53T mutation (39) . Because only a minority of LBs was recognized by Tau antibodies, co-aggregation of filamentous ␣-synuclein and Tau may not be crucial for the formation of LBs or for the pathogenesis of PD. However, it has been shown that ␣-synuclein induces fibrillization of Tau and that co-incubation of Tau and ␣-synuclein synergistically promotes mutual fibrillization in vitro (40, 41) . We also showed in this study that ␣-synuclein fibrils induced pathological Tau aggregation in cultured cells expressing both Tau and ␣-synuclein, when ␣-synuclein fibrils were introduced into the cells with transfection reagent. Furthermore, dot-like phospho-Tau pathologies are induced in wild-type mouse brains inoculated with ␣-synuclein fibrils (42) . Although further studies will be needed to define the interaction of Tau with ␣-synuclein fibrils in vivo, ␣-synuclein and Tau may interact with each other through an ionic interaction of immature ␣-synuclein or Tau fibrils at the initial phage or the early stage of fibrillization ( Fig. 9 ).
In this study, we have demonstrated that ␣-synuclein fibrils bind to Tau in vitro. It is reasonable to speculate that ␣-synuclein fibrils may also bind to other MAPs, because conventional microtubule-associated proteins in neuronal cells have similar microtubule-binding domains and bind to tubulin or microtubules through their positive charge. Indeed, it has been reported that MAP2 exists in neuronal nuclei and LBs in substantia nigra in PD, and MAP1B exists in cortical and brainstem-type LBs. Considering these observations, levels of normally functioning MAPs may be reduced in neurons of affected regions in the presence of filamentous ␣-synuclein. This may lead to disruption of the microtubule network and neuronal death. Because the specialized function and morphology of neuronal cells is maintained by their cytoskeletons, especially the microtubules, and these cells are not renewed, it is not surprising that neuronal cells are highly vulnerable to disruption of the microtubule network. Microtubules also play an important role in transport of mitochondria, vesicles, organelles, or molecules, acting as rails on which motor proteins move. Therefore, disruption of microtubules in axons may lead to axonal impairment followed by neurodegeneration. Indeed, several reviews support the idea that impairment of axonal transport causes various neurodegenerative diseases (43) (44) (45) (46) . Furthermore, it has been shown that dopaminergic neurons are selectively vulnerable to microtubule depolymerization (47) . Overall, it seems plausible that ␣-synuclein fibrils bind to MAPs and inhibit their function to assemble and stabilize microtubules, leading to disruption of microtubules ( Fig. 9 ). This putative pathogenic mechanism may be related to neurodegeneration in PD, which exhibits selective dopaminergic neuronal loss.
Protein aggregation and the appearance of inclusion bodies in neurons or glial cells are common neuropathological features of many neurodegenerative diseases, including PD, AD, amyotrophic lateral sclerosis, and frontotemporal lobar degenera-tion. Although it is still a matter of debate whether these aggregations or inclusion bodies are cytotoxic, cytoprotective, or an incidental event, recent studies have suggested that the major abnormal protein components of these intracytoplasmic inclusion bodies, such as ␣-synuclein, Tau, and TDP-43, have prionlike properties and can propagate from cell to cell, resulting in neuronal dysfunctions and progressive neurodegeneration. In fact, the distributions and spreading of these intracellular abnormal proteins have been shown to closely correlate with disease progression (48 -51) . Abnormal interaction of Tau with ␣-synuclein resulting from conformational change of ␣-synuclein may induce not only dysfunctions of both Tau and ␣-synuclein but also production of abnormal Tau protein and its propagation. These synergistic pathological pathways may accelerate neuronal dysfunction.
In this study, we showed that ␣-synuclein fibrils interact strongly with Tau through the C-terminal acidic regions and affect microtubule assembly and stabilization. No such abnormal activity was seen with the monomeric form of ␣-synuclein. This gain of toxic function is considered to be due to the structural features of ␣-synuclein fibrils. By dot blot assay using three different site-specific antibodies to ␣-synuclein, we have shown that ␣-synuclein fibrils have a distinct conformation in which the N-and C-terminal regions are exposed. Therefore, we consider that the conversion of the monomeric form to the filamentous form is the central event in the appearance of abnormal function of ␣-synuclein, which may be responsible for the cytotoxicity. Thus, inhibitors of fibril formation could be potential candidates for therapeutic intervention, for example in PD. It has been shown that compounds belonging to several chemical classes inhibit filament formation of ␣-synuclein, as well as Tau or A␤, and dimers or oligomers formed in the presence of these inhibitory compounds were non-toxic in SH-SY5Y cells. In addition, it has been shown that oligomeric intermediates of ␣-synuclein are degraded via the lysosomal degradation pathway in differentiated SH-SY5Y cells and primary culture of rat cortical neurons. Moreover, several compounds have been shown to bind to the C-terminal region of ␣-synuclein and inhibit filament formation (52) , raising the possibility that the reactivity of the C-terminal region is attenuated by binding to these compounds. Such inhibitory compounds may contribute to both inhibition of filament formation and suppression of cytotoxicity of ␣-synuclein fibrils (53) . Further studies of this approach may open up new possibilities for the treatment of PD.
Experimental Procedures
Expression and Purification of Recombinant Wild-type, C-terminally Truncated, and N-terminally Truncated Human ␣-Synuclein-Wild-type, C-terminally truncated (residues 1-130, 1-120, and 1-110), and N-terminally truncated (residues 11-140) ␣-synuclein were subcloned into pRK172 and expressed in E. coli BL21 (DE3) as described (54) . For purification of wild-type, 1-130, and 11-140 ␣-synuclein, bacterial pellets were sonicated for 45 s twice in extraction buffer 1 (50 mM Tris-HCl, pH 7.5, 1 mM EGTA, 1 mM DTT) on ice. For 1-120 and 1-110 ␣-synuclein, bacterial pellets were sonicated for 45 s twice in extraction buffer 2 (50 mM MES, pH 6.25, 1 mM EGTA, 1 mM DTT) on ice. The homogenates were centrifuged at 16,000 ϫ g for 15 min, and the supernatants were boiled for 5 min. Then, the supernatants (heat-stable fraction) of a 15-min centrifugation at 16,000 ϫ g were subjected to anion-exchange (for wild-type, 1-130, and 11-140) or cation-exchange (for 1-120 and 1-110) chromatography on a column (Q-Sepharose or SP-Sepharose fast flow, respectively; Amersham Biosciences) equilibrated with extraction buffer. The columns were washed with extraction buffer and eluted with extraction buffer containing 0.35 M NaCl. The eluates were concentrated by precipitation with 50% saturated ammonium sulfate. The pellets were resuspended in and dialyzed against 30 mM Tris-HCl, pH 7.5. The protein concentrations were determined by comparing the absorbance at 215 nm of samples with that of ␣-synuclein of known concentration on reverse phase HPLC, using an Aquapore RP300 column.
Expression and Purification of Recombinant Wild-type and Deletion Mutants of Human Tau-Wild-type human 4RTau (412 amino acid residues) and the deletion mutants (1-163, 1-226, ⌬227-338, and ⌬164 -338 Tau; numbering based on the 441 Tau isoform) were subcloned into pRK172 and expressed in E. coli BL21 (DE3). For purification of wild-type and ⌬2-163 Tau, bacterial pellets were sonicated for 45 s twice in extraction buffer C (50 mM PIPES, pH 6.8, 5 mM EGTA, 1 mM DTT, 0.5 mM PMSF) on ice. For purification of 1-163, 1-226, ⌬227-338, and ⌬164 -338 Tau, bacterial pellets were sonicated for 45 s twice in extraction buffer A on ice. The homogenates were centrifuged at 16,000 ϫ g for 15 min, and the supernatants were boiled for 5 min. The supernatants (heat-stable fraction) of a 15-min centrifugation at 16,000 ϫ g were subjected to cation-exchange (for wild type and ⌬2-163 Tau) or anion-exchange (for 1-163, 1-226, ⌬227-338, and ⌬164 -338) chromatography on columns equilibrated with extraction buffer. The columns were washed with extraction buffer and eluted with extraction buffer containing 0.35 M NaCl. The eluates were concentrated by precipitation with 50% saturated ammonium sulfate. The pellets were resuspended in and dialyzed against 30 mM Tris-HCl, pH 7.5.
Preparation of ␣-Synuclein Fibrils and Protofibrils-␣-Synuclein fibrils were prepared as follows. Recombinant ␣-synuclein was incubated in 30 mM Tris-HCl, pH 7.5, containing 0.1% NaN 3 , with shaking at 37°C for 2 or 3 days. The assembled ␣-synuclein was ultracentrifuged at 255,000 ϫ g for 20 min at 25°C. The resultant pellet was resuspended and sonicated in 30 mM Tris-HCl, pH 7.5, on ice and ultracentrifuged again. Then the pellet was resuspended and sonicated in 30 mM Tris-HCl, pH 7.5, on ice, and used as the ␣-synuclein fibril preparation. For electron microscopy, the fibrils were placed on collodioncoated 300-mesh copper grids and stained with 2% (v/v) phosphotungstate. Micrographs were recorded on a JEOL 1200EX electron microscope.
␣-Synuclein protofibrils were prepared as described with slight modifications (55) . Briefly, 4 mg of recombinant ␣-synuclein was suspended in 20 mM NH 4 HCO 3 . The solution was lyophilized and dissolved in 200 l of 30 mM Tris-HCl, pH 7.5. The solution was cleared by centrifugation at 16,000 ϫ g, for 5 min at 4°C and then subjected to a Superdex 200 gel-filtration chromatography (Amersham Biosciences) on a column equilibrated in 30 mM Tris-HCl, pH 7.5, at a flow rate of 0.4 ml/min. The separated proteins were monitored at 215 nm, and the void volume fraction was collected. The fraction was analyzed by SDS-PAGE and used as ␣-synuclein protofibrils. The concentrations of ␣-synuclein fibrils and protofibrils were determined as described above after solubilization in 6 M guanidine hydrochloride.
In Vitro Microtubule Assembly Assay-Tubulin was purified from porcine brains by three cycles of polymerizationdepolymerization followed by removal of co-purified proteins on an SP-Sepharose column as described, with some modifications (56) . Tubulin concentration was determined by measuring the absorbance at 280 nm. To investigate the effect of ␣-synuclein on microtubule assembly, recombinant ␣-synuclein at various concentrations was incubated with tubulin (10 M) in assembly buffer (80 mM PIPES, pH 6.9, 1 mM EGTA, 0.2 mM MgCl 2 , 1 mM DTT, 1 mM GTP) at 37°C. As a positive control, recombinant Tau (4-repeat, 412-amino acid isoform of human Tau, 2.3 M) was incubated with tubulin at 37°C as described (57) . Polymerization of tubulin was monitored continuously by measuring the turbidity at 350 nm with a spectrophotometer (UV-1600 PC, Shimadzu Co). To investigate the effects of ␣-synuclein (monomer, fibrils, or protofibrils) on Tau-promoted microtubule assembly, tubulin was incubated with Tau in the presence or absence of ␣-synuclein (monomer, fibrils, or protofibrils). ␣-Synuclein was pre-incubated with Tau before incubation with tubulin. The assembly reaction was carried out by incubating tubulin with a mixture of recombinant Tau and ␣-synuclein at 37°C.
Dot Blot and Overlay Assay-␣-Synuclein monomer, fibrils, and protofibrils were spotted onto nitrocellulose membrane. To detect the total proteins spotted, the membrane was stained with Coomassie Brilliant Blue. To investigate the conformational changes in ␣-synuclein fibrils or protofibrils, the degrees of immunoreactivity to three different anti-␣-synuclein antibodies (antibody 36, an antibody raised against the N-terminal residues 1-10 of ␣-synuclein (30); NAC1, an antibody raised against residues 75-91 of ␣-synuclein (31); and Syn102, an antibody that recognizes the C-terminal residues 131-140 of ␣-synuclein) were analyzed as described (24, 31) . Immunoreactivity was visualized using the avidin-biotin detection system (Vector Laboratories). For Tau overlay assay, the membrane was blocked with PBS containing 3% gelatin and overlaid with 0.6 M Tau in PBS containing 10% fetal bovine serum (FBS) for 1.5 h and then washed twice with PBS. The Tau bound to ␣-synuclein was detected with a monoclonal anti-Tau antibody (T46) using the avidin-biotin detection system.
Analysis of Tau Bound to ␣-Synuclein Fibrils by Spin-down Technique-␣-Synuclein fibrils were incubated with an equal volume of various concentrations of Tau in 30 mM Tris-HCl, pH 7.5, for 10 min at room temperature, and the mixtures were ultracentrifuged at 453,000 ϫ g for 20 min at 25°C. The resultant pellets containing ␣-synuclein fibrils were resuspended in the buffer (equal volume to that of the supernatant). The pellets and the supernatants (containing the fibril-bound Tau and the fibril-free Tau, respectively) were subjected to SDS-PAGE and stained with Coomassie Brilliant Blue. The stained areas were measured with ImageJ software (National Institutes of Health).
Effect of ␣-Synuclein Fibrils on Tau Aggregation in Cultured Cells-Wild-type human 4R1N-Tau and/or wild-type human ␣-synuclein were transiently overexpressed in SH-SY5Y cells by transfection of the plasmid with X-tremeGENE 9 (Roche Applied Science), followed by culture for 14 h. ␣-Synuclein fibrils or the monomer were introduced into the cells with Multifectam (Promega) as described previously (36) . After incubation for 6 h, the medium was changed, and culture was continued for 2-3 days. Cells were harvested, and the cellular proteins were differentially extracted and immunoblotted with the indicated antibodies, as described (32) . 
